Abstract. Physicochemical properties of incubation substrates may affect embryonic growth, development, and sexual differentiation in oviparous species with temperature-dependent sex determination. Thus, the physicochemical modification of incubation substrates associated with anthropogenic activities may pose a risk to normal embryonic and hatchling development in the alligator snapping turtle (Macrochelys temminckii), an oviparous species with temperature-dependent sex determination. The present study evaluated the development of alligator snapping turtle embryos and hatchlings incubated in vermiculite, and in Tunica Soils Series from a natural nesting area and from a cotton farm. Differences between agricultural and natural soils included particle size composition, concentrations of phosphorus, nitrates (NO3), magnesium, manganese, potassium, calcium, sodium, and copper concentrations, salinity, and cation exchange capacity (CEC). Soil pH, and iron, boron and sulfate (SO4) concentrations were similar. Agricultural soils received applications of herbicides (glyphosate, fluometuron, pyrithiobac sodium, 2,4-D, trifluralin) and insecticides (methyl parathion, dicrotophos), and natural soils did not. No significant differences were detected in incubation period, clutch success, hatchling mass, sex ratio, or frequency of abnormalities in offspring from the different incubation substrates. Increases over a four-month period in mass and tail length of hatchlings incubated in natural soils were, however, significantly greater than in hatchlings incubated in other substrates. We therefore suggest that future studies should examine how physicochemical factors of incubation substrate affect hatchling growth.
Introduction
Alligator snapping turtles inhabit many rivers that traverse the natural and agricultural landscapes of northeastern Arkansas (Wagner et al., 1996; Trauth et al., 1998 ; United States National Agricultural Statistics Service [USNASS], 2001 ). Reproduction in this species occurs during spring and early summer with females ovipositing in fields, field borders, and along stream banks (Ewert, 1976; Powder, 1978; Ernst and Barbour, 1989; Ewert and Jackson, 1994; Ernst et al., 1994) . Since agricultural soils undergo physical and chemical alterations (i.e. tillage, agrochemical applications) during the same time period as oviposition (Briggs et al., 1992; Larson et al., 1997; Kleinow et al., 1999) , alligator snapping turtle embryos may be exposed in ovo to altered incubation substrates and agrochemicals. In particular, potential in ovo agrochemical exposure is further supported by the large amounts of agrochemicals applied, the large area receiving applications, the persistence of agrochemicals, and the ability of agrochemicals to leach through soils (Briggs et al., 1992; Donnelly et al., 1994) . In 2000, Arkansas cotton producers applied 1,663,000 kg of pesticides (herbicides + insecticides + fungicides) and 82,000,000 kg of fertilizers (potassium + nitrogen + phosphate) to over 80% of the 398,000 ha of cotton acreage (USNASS, 2001) .
No studies have investigated whether incubation of alligator snapping turtle eggs in agricultural soils is associated with altered embryonic development or sexual differentiation. However, abnormal sexual differentiation in the red-eared slider turtle (Trachemys scripta elegans), a species with temperature-dependent sex determination, has been associated with in ovo exposure to environmental contaminants (Willingham and Crews, 1999; . Such results suggest that alligator snapping turtles might be altered by in ovo exposure to agrochemicals since it is also a species with temperature-dependent sex determination (i.e. most embryos develop into males when incubated at 25-27"C, or females when incubated at t25"C or >27"C, although this species appears to be somewhat polymorphic; Ewert and Jackson, 1994) .
The objective of our study was to determine whether incubating alligator snapping turtle eggs in agricultural soils was associated with altered embryonic andlor hatchling development compared to offspring incubated in natural soils (reference substrate) and vermiculite (control substrate). Our study tested the hypothesis that growth and/or development of alligator snapping turtle offspring incubated in agricultural soils would differ significantly from that of offspring incubated in reference and control substrates.
Methods

Soil collection and physicochemical properties
Areas containing Tunica Soils Series were located at a private cotton farm and at a natural area, Big Lake Wildlife Management Area (WMA), in Mississippi County, AR (Ferguson and Gray, 1971) . Soil from the natural area was collected within 15 m of the water along a 100-m stream-reach in an undeveloped, backwater area. Twenty areas conducive to nesting (i.e. bare ground relatively higher than surrounding ground) were identified and numbered. Ten sites were randomly selected and sampled from these 20 sites. A volume of soil (25 cm x 25 cm x 17 cm) approximately the size of an alligator snapping turtle's nest was excavated from each site using a clean, steel scoop, and placed in a plastic bag. The plastic bag was stored in an insulated ice chest to stabilize the temperature. The soil from the cotton field was collected using the same methods with a few exceptions. The soil samples were taken from an area adjacent to a channelized stream near the edge of a cotton field 1.5 m from the crop rows. Soil in this area had been tilled and had received direct pesticide inputs via ground and aerial applications; thus, it represented a worst-case scenario with regard to physicochemical manipulation. Because of the potential for interactive effects among pesticides and because of the large number and various classes of pesticides applied to the soil and potentially transferred to the egg and embryo, the amount of analytical chemistry needed to determine differences in soil pesticide concentrations and offspring pesticide exposure was cost-prohibitive. Therefore, it is important to note that tillage of soils and pesticide applications (nominal rates) were monitored at the natural and agricultural areas until the time of soil collection to establish that agricultural A soils were physically and chemically manipulated and that natural soils were not manipulated, although pesticides could have been present in the natural soils via atmospheric or hydric transport. The rationale for monitoring nominal agrochemical application rates and embryo and hatchling characteristics is that any deleterious effects could be used as an initial screen to determine if subsequent studies are justified and to help identify the agrochemicals that may be involved since chemicals with specific modes of action often exhibit particular effects. Subsequent studies could then focus on examining the associations between developmental effects and a reduced number of chemicals which are likely to be involved, based on observed effects.
After collection, the soil samples were homogenized by mixing the soil with a scoop. Subsamples of soils were used for particle size analysis (Gee and Bauder, 1986) and soil chemistry analysis (Mehlich, 1984) .
Egg collection and incubation
Fertilized alligator snapping turtle eggs (n = 50) from two different clutches (25 eggs/clutch) were collected from the Pearrow-Jones turtle farm located in the southeastern Ozark Highlands in Independence County, Arkansas. No agrochemical applications occurred in the area around the brood-stock pond prior to, or at the time eggs were collected (Marshall Jones, pers. comm.).
Eggs were less than 12 hours old when collected on 16 June 2000 from a nest located on a pond levee (Marshall Jones, pers. comm.). The precise temperature of the nest during the 12-hour period was unknown, but the ambient air and soil temperatures ranged from 22-28°C. Eggs were placed in the Pearrow-Jones incubator for five days prior to being transported to Arkansas State University. The Pearrow-Jones incubator was designed for commercial, cost-efficient incubation, rather than scientific experiments, so temperatures ranged from 29.4-32.0°C for the five-day period; and since sex is not irreversibly determined until the midtrimester of incubation in this species, exposure to these temperatures during this short time-frame would not affect sex determination. Fertilization was confirmed by the presence of an opaque spot on the apical surface of the egg indicating embryonic attachment. Eggs were carefully handled when transported to ensure that the apical surface was never inverted, which could cause embryonic death.
Eggs were randomly assigned to three incubation substrates so that the lower half of each egg was in direct contact with the substrate. The placing of the lower half of each egg in direct contact with the substrate was in order to standardize exposed surface area across treatment groups, and to mimic a worst-case exposure scenario in which eggs laid at the bottom of a natural nest would be partially buried and subjected to intermittently saturated soils following rainfall events.
In addition, because alligator snapping turtles have often been observed nesting in early-mid morning following a rainfall event (Marshall Jones, pers. comm.; Pritchard, 1989) , natural exposure conditions were simulated by saturating incubation substrates with dechlorinated tap water, and allowing water drain-off for 45 minutes prior to setting eggs.
-
Since vermiculite is commonly used as an artificial incubation substrate in turtle research (Ewert, 1979) , we used it as a control substrate. Eggs (n = 18) were placed in a plastic (polyethylene) container containing vermiculite which had been saturated with dechlorinated tap water and allowed to drain for 45 minutes. In a second polyethylene container, eggs (n = 16) were placed in similarly prepared natural soils obtained from Big Lake WMA. In a third polyethylene container, eggs (n = 16) were placed in similarly prepared agricultural soils obtained from the border of a cotton field. Tight-fitting lids were placed on the containers and two holes were drilled in opposite ends to allow ventilation. Eggs were incubated at 27.5f 0 3 " C , slightly above the pivotal temperature of 27.2"C suggested to produce 1:l sex ratios in this species (Ewert and Jackson, 1994) . Eggs were checked for signs of decomposition, and necrotic eggs were fixed in 10% formalin and stored in 70% ethanol. Eggs were handled so that proper orientation was maintained, especially when eggs were routinely moved (every other day) to different areas of the incubator (interior dimensions: 0.9 m x 0.6 m x 0.6 m) to lessen the chance of uneven incubation temperatures. After hatching, the turtles were placed, in respect of incubation substrate, in three polyethylene boxes containing dry vermiculite. After allowing two days for the umbilicus to desiccate and detach, identification tags were attached to the carapace of each turtle using surgical glue.
Storage of hatchlings
Hatchlings were housed at Arkansas State University's Ecotoxicology Research Facility. The integrity of each group was maintained by housing the groups in separate, adjacent, circular, fiberglass tanks. Each hatchling was weighed to (0.001 g) eleven days after hatching, by which time most of the yolk sac had been absorbed, and was just prior to receiving a diet of commercial turtle feed (0.9 g feed/individual/week). Carapace, plastron, and tail lengths (0.1 mm) were recorded. Measurements were recorded again at 119 days post-hatching for growth determination. All three groups were treated similarly under controlled conditions. Each group was exposed to a 16-hour light: 8-hour dark photoperiod. Dechlorinated tap water was used to fill tanks to a depth (4-6 cm), and physicochemical characteristics of the water in the holding tanks were monitored to ensure that all groups experienced similar conditions. Maintenance activities (i.e. feed regime, water changes) were conducted in a uniform manner for all groups. Shelters (n = Gltank), similarly-spaced apart, were placed in each tank to provide refuge for the hatchlings. The hatchlings were sacrificed via an intracardial injection of sodium phenobarbital 133 days after hatching. The approximate four-month grow-out period allowed growth rates and hatchling survival to be monitored to determine whether post-hatch growth and development were altered. After euthanasia, hatchlings were preserved and deposited in the -Arkansas State University Herpetological Museum.
Sex identification
The left gonad and kidney were removed from each turtle for sex identification three days after euthanasia and fixation. The gonads were sectioned at 8 pm, mounted on slides, and stained with hematoxylin and eosin (H&E). Diagnosis of sex was based on the absence or presence of well-defined germinal epithelium or the presence of oocytes, either of which indicated whether the individual was female (Yntema, 1981) .
Measurement endpoints and data analysis
Incubation period (number of days between oviposition and emergence of hatchling from egg), rate of developmental abnormalities (number of hatchlings exhibiting a gross abnormalityltotal number of hatchlings), hatch rates (number of live hatchlingsltotal number of eggs), sex ratios, hatchling morphometrics (mass, carapace length, plastron length and tail length), and hatchling growth rates (initial, posthatch day-1 1 morphometric measurements subtracted from measurements taken 108 days later) were examined to determine whether developmental differences existed between offspring incubated in vermiculite, natural soils and agricultural soils. Alterations in these organismal level endpoints may indicate a risk of adverse effects at the population level (Rodier and Zeeman, 1994) . We used the Kruskal-Wallis test for nonparametric data and ANOVA for parametric data (Zar, 1999 ). An alpha level of 0.05 was used to determine significance.
-
Results
Soil physicochemical characteristics
Natural soils were composed of 76% silt, 22% sand, and 2% clay. Agricultural soils contained less silt (57%), more sand (39%) and more clay (4%) than natural soils. Soil pH for agricultural and natural soils was 5.7 and 5.4, respectively, and both soils contained similar concentrations of iron, boron, and sulfates (SO4). Magnesium and manganese concentrations in natural soils were two-fold greater than concentrations in agricultural soils, and potassium, calcium, sodium and copper concentrations in natural soils were 20-40% higher than concentrations in agricultural soils. Salinity [measured as electric conductivity (EC)] and cation exchange capacity (CEC) in natural soils were also higher in comparison to agricultural soils. In contrast, phosphorus and nitrate (NO3) concentrations in agricultural soils were twice that of natural soils (table 1) .
Herbicides applied to the agricultural soils included glyphosate, fluometuron, pyrithiobac sodium, 2,4-D and trifluralin, along with the insecticides, methyl parathion and dicrotophos (table 2, Drew Blankenship, pers. comm.). Neither herbicides nor pesticides were applied to the natural soils during the monitoring period (Robert Zachary, pers. comm.), but pesticides could have been present in the natural soils as a result of atmospheric and/or hydrologic deposition.
-
Incubation periods and hatch rates
After an incubation period of 88 days, hatchling alligator snapping turtles (39 hatchlings out of 50 eggs) began to emerge from eggs from the three incubation substrates. Hatching occurred within a 24-hour period for all individuals in all groups, except for one egg from the vermiculite group. The egg was opened three days later, whereupon a live hatchling emerged. Hatch rates were 83% (15 of 18) for eggs incubated on vermiculite and 75% (12 of 16) for eggs incubated on natural and agricultural soils. No significant differences in hatch rates were detected among the three groups (x2 = 3.51, df = 2, P > 0.05). One hatchling from the vermiculite group died from unknown causes two days after being transported to the storage facility, and this hatchling was not included in hatchling size or growth analysis since measurements were not collected until n 11 days post-hatch.
Malformations and sex ratios
Examination of all hatchlings revealed that 5% (2 of 39) developed some type of gross abnormality. Of the two, one was from the vermiculite group and the other from the agricultural soil group. The vermiculite hatchling was a dwarf with atypical, pinkish coloration. The agricultural hatchling had a deformed tail which was tightly curled. No significant differences in gross abnormalities were detected among the groups ( X 2 = 3.62, df = 2, P > 0.05).
Sex was positively determined in 33 of the 39 hatchlings. Sex was not identified in six alligator snapping turtle hatchlings from the vermiculite group due to errors in tissue processing. For the remaining nine, sex was positively determined indicating that vermiculite had the lowest percentage of males with 22% (2/9), followed by those incubated in natural soils (25%, 3/12) and agricultural soils (33%, 4/12). No significant differences were detected in sex ratios among groups incubated in different substrates (x2 = 2.97, df = 2, P > 0.05).
Hatchling size and growth rates
No significant differences were detected among the groups incubated in the three substrates with regard to initial hatchling mass (F = 0.55, df = 2, P > 0.05), carapace length (F = 0.20, df = 2, P > 0.05), plastron length (F = 1.45, df = 2, P > 0.05), or total tail length (F = 0.85, df = 2, P > 0.05; table 3). a Growth (A mm or A g) equal to morphometric measurement at post-hatch day 119 less respective day 1 1 measurement. n is lower for tail growth since many hatchlings had the ends of their tails bitten off by cohorts, and therefore were omitted from analysis. = P < 0.05.
Statistical comparisons between sexes and among sexes across treatment groups were precluded by the small sample sizes which resulted from separating groups by sex.
Hatchlings incubated in natural soils gained significantly more mass than hatch--lings incubated in either farm soils or vermiculite (F = 4.84, df = 2, P < 0.05), and had greater tail growth than hatchlings incubated in farm soils or vermiculite (F = 8.12, df = 2, P < 0.05). No significant differences were determined for carapace growth (F = 2.41, df = 2, P > 0.05), or plastron growth (F = 4.06, df = 2, P > 0.05) among the groups (table 3) . We should note that the deformed hatchlings were included in all analyses because they actively consumed feed, survived along side their cohorts, and were not treated any differently from their cohorts after being placed in tanks.
Discussion
Our results do not support the hypothesis that growth and development of alligator snapping turtle offspring incubated in agricultural soils were significantly different from offspring incubated in reference and control substrates with regard to incubation period, rate of developmental abnormalities, rate of developmental mortality, sex ratios, initial hatchling size, carapace growth, and plastron growth. Furthermore, these endpoints were within ranges reported in other studies (Pritchard, 1989; Ernst et al., 1994) . However, the significantly greater increases in hatchling mass growth and tail length growth of offspring incubated in natural soils are perplexing. We suggest these differences were likely due to altered metabolism, as opposed to clutch effects, since eggs were randomized before being distributed among the incubation substrates.
Reasons for the differences in metabolism may be associated with differences in the physicochemical properties of the soils. The major physicochemical differences between natural and agricultural soils were that natural soils contained higher concentrations of positively charged cations, higher CEC, and reduced amounts of sand, phosphorus and nitrates compared to agricultural soils (table I). The different concentrations of soil constituents can affect balance and transport of water and ions across the eggshell and its membranes, and variations in moisture and ions may influence embryonic development and post-hatch growth in reptiles (Ackerman, 1991; Packard, 1991; Simkiss, 1991) .
Other differences between natural and agricultural soils were that agricultural soils were treated with a number of pesticides and natural soils were not. The potency and persistence of the seven pesticides applied to the agricultural soils varied greatly from the highly toxic and hydrophilic insecticide, dicrotophos, to the relatively nontoxic and hydrophobic herbicide, trifluralin (table 2) . Although Toxicity values, such as a chemical's LD5() [the dose that kills 50% of exposed animals], may reflect a chemical's acute potency, toxicity values may not reflect the endocrine modulating potential of a chemical, as trifluralin has endocrine modulating effects while being relatively nontoxic (Briggs et al., 1992) . Since only nominal concentrations of applied pesticides were monitored, and the actual , concentrations of pesticides in soils, eggs, and hatchlings were not measured, no causal inferences can be made with regard to linking pesticide exposure to altered post-hatch growth. In spite of this caveat, we suggest future studies should examine post-hatch growth retardation in alligator snapping turtles and concentrations of agrochemicals (known to elicit growth retardation in other species) to determine if an association exists. Examples of agrochemicals known to elicit growth effects and alterations in thyroid function and endocrine modulation include: DDT and its metabolites, which are ubiquitous in the environment, but may be found in higher concentrations in agricultural areas (Marburger et al., 2002) ; organophosphates, such as dicrotophos and methyl parathion (Sherman, 1995) ; and herbicides, such as trifluralin and 2,4-D (Toppari et al., 1996; Rawlings, 1998) .
In conclusion, while it was perhaps surprising that greater differences were not observed, most of our results suggest, based at least on our observations over a four-month post-hatch period, that incubation of alligator snapping turtle eggs in agricultural soils does not pose a significant risk to growth and development of offspring. However, since hatchling growth is important in predator avoidance, prey capture, resisting stressors and attaining sexual maturity in this species (McKnight and Gutzke, 1993) , we suggest that future research should utilize in situ egg incubation in agricultural fields and reference sites, along with laboratory experiments, so as to examine further how altering the physicochemical properties of incubation substrates might affect post-hatch growth and development. In addition, levels of potential growth-altering agrochemicals need to be measured in eggs, embryonic tissues and incubation media to assist in determining causal relationships between -developmental anomalies and substrate modification, in order that the best management practices can be developed to mitigate potential effects.
